This technical report describes testing to evaluate the gamma spectroscopy tool, Melusine, under development by Pacific Northwest National Laboratory. The goal was to verify that the software can successfully be used to provide accurate results and statistical uncertainties for the detection of isotopes of interest and their activities. Of special interest were spectra similar to those produced by radionuclide stations that contribute to the Comprehensive Nuclear Test Ban Treaty Organization's International Monitoring System. Two data sets were used to test Melusine's capabilities. The first was the result of a multi-lab calibration effort based on neutron activations produced at the University of California at Davis. The second was taken from the Proficiency Test Exercises conducted by the CTBTO directly in 2005. In 37 of 42 cases, Melusine produced results in agreement with the best answer presently available, in most cases with calculated uncertainties comparable to or better than competing analyses. In fact, Melusine technically provided one more result than CTBTO's PTE analyses that agreed with the "book answer" (Monte Carlo simulation).
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Ba, 132 Te, 132 : Sample 5 represents the most complex spectrum for analysis. In this case the isotopes are a mixture of fission products ( 103 Ru, 106 Ru, 132 Te, 132 I, 137 Cs, 140 Ba, 140 La) 
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Introduction
Pacific Northwest National Laboratory (PNNL) is currently conducting a suite of projects to research detection techniques in support of the 1968 Treaty on the Non-Proliferation of Nuclear Weapons. This effort includes the RNLabs project and its follow-on work under the CASCADES project, which completed the construction of a new, high-efficiency germanium crystal array in an ultra-low background environment. To utilize these detectors, PNNL has developed the gamma spectroscopy software "Melusine" to support the efficient analysis of list-mode data from complex detector arrays. Although still under development, Melusine can currently be automated to process large numbers of spectra. Additionally, in many cases, Melusine is capable of reproducing the steps an expert would take in analyzing a spectrum and effectively applying them to similar data sets.
While the IMS system today does not produce list-mode data, there is a need to process the vast amount of spectral data transmitted from the particulate radionuclide stations quickly. 
Description of the Comparison
This section describes the source and nature of the data used for the Melusine validation. In all cases, the objective was to identify sources of gamma spectra and their accepted characterizations relevant to processing IMS particulate station data.
PNNL's Participation in the Davis Calibration Exercises
University of California at Davis (UC Davis) has been producing neutron activation samples for a series of inter-laboratory gamma spectroscopy calibrations known collectively as Davis Calibration Exercises (DCAL). During the experiments, high-purity metal foils are irradiated with high-energy neutrons produced after a beryllium target is bombarded by protons. This irradiation is performed at the UC Davis cyclotron. Each exercise is identified by an ordinal numeral in the series.
During the DCAL 30 exercise, the samples created for PNNL's CASCADES array were approximately 10 times more radioactive than those measured in past DCAL exercises (Friese et al. 2013 ). The CASCADES detector is intended to utilize high efficiency and selectivity for low-activity samples, but for these calibration tasks higher radioactivity rates are desired. However, each of these "high-rate" samples for CASCADES still contain significantly lower activity than is typically used for measurements on PNNL's standard laboratory high-purity germanium (HPGe) systems.
Samples were counted at multiple times and for varying durations, starting with a five-minute count to look for strong but short-lived isotopes, and eventually progressing to multiple-hour counts for higher statistics. The four samples were rotated through the system to assure count times and durations were similar for each sample (Friese et al. 2013 ).
CTBTO's 2003 Proficiency Test Exercises 2003
PNNL obtained the test data, analysis results, and technical report for CTBTO's 2003 Proficiency Test Exercises for radionuclide laboratories supporting the network of IMS radionuclide stations (PTE2003) (CTBTO 2004) . This data included a sample spectrum to evaluate, calibration spectra, and a blank spectrum for background subtraction purposes. 
CTBTO's 2005 Proficiency Test Exercises
The PTE2003 process was repeated in 2005. This time five samples' spectra with varying degrees of complexity and isotope intensity were simulated by Monte Carlo techniques along with the blank and calibration data. However, instead of a report summarizing the results from 16 participating laboratories (as in PTE2003), PNNL has the documentation of the isotopes and activities used to generate the test spectra and the analysis results from two internal CTBTO analyses. These data allow for a comparison with Melusine analysis results; however, no technical report has been identified to provide further isotope-specific insights.
Despite the limitations on documentation, the PTE2005 data set offers a superior test of analysis capabilities over PTE2003. Having five samples, each containing a different mix of isotopes, offers a more comprehensive picture of the circumstances in which different analysis tools succeed and fail. Additionally, the PTE2005 data set focused on the detection and measurement of activities in the 10 -100-mBq range, which is a more challenging exercise than the Becquerel-level activities included in PTE2003. For this reason, the analysis and comparison of the PTE2005 data was emphasized over PTE2003. 140 La, 140 Ba, 132 Te, 132 I) of fission products at the low activity of 10-20 mBq each 
Criteria
Evaluation of the DCAL data is complicated by the fact that the 'book answer' is unknown. However, PNNL does have a substantial gamma spectroscopy team responsible, among other things, for the operation of Radionuclide Laboratory 16 (RL-16). The certification of RL-16 as a recognized station of the CTBTO's verification regime includes a technically intensive process to verify the accuracy of spectroscopy techniques. Additionally, the leader of this team is PNNL laboratory fellow Dr. Larry Greenwood, a world-renowned expert in gamma spectroscopy.
For this report, the evaluation of the DCAL data assumes that the results produced by Dr. Greenwood's team are correct within the errors. Still, it is worth noting that the samples counted on CASCADES typically differed by an order of magnitude in activity from those counted by the RL-16 detectors. Therefore, the results are given in terms of atoms per gram of the original solution that was separately diluted for each sample.
The PTE challenges differ fundamentally from the DCAL tests in that the spectra originate from Monte Carlo simulation. The CTBTO explored the accuracy of their simulation approach in the PTE2003 event and found the results accurate for most isotopes-so for this reason the activity injected into the spectrum in Monte Carlo simulation is treated as the "book answer." In the PTE2003 technical report, this injected value is compared with each laboratory result in terms of two criteria. The first evaluation involves the use of a u-test, which consists of measuring the separation between the injected value and the analyzed result in terms of the number of sigma quoted in the laboratory result. The PTE considered u-test values less than 1.64 to indicate agreement between the PTE injected value and the reported results and within the reported uncertainty. Secondly, CTBTO tested whether the reported value of the PTE was within 10% of the injected value. Since a high reported uncertainty could indicate agreement under the u-test even for reported values far from the correct answer, this second test rewards an analysis for accuracy regardless of uncertainty.
Results
This section provides tabularized results for each data set. For the gold, iron, and titanium foils, Melusine analysis results for samples measured on the CASCADES germanium array agreed with results from PNNL's standard HPGe systems that were analyzed with Genie PC. On the nickel foil, Melusine/CASCADES results were consistently high by about 10%. This discrepancy was seen across multiple isotopes and energies and is interpreted to indicate an error outside the analysis routines of Melusine (e.g., pipetting error, sample data transposition error, or something similar that would affect all isotopes).
For a small number of isotopes, Melusine's results showed disagreements across measurements greater than the uncertainty indicated by any one measurement (indicated by an asterisk next to the isotope in the table above). This can result from a number of issues, including parent-daughter relationships that keep the isotope from achieving equilibrium during one or more count, difficulties with incorrect nuclear data, and others.
PTE2003
To date, the emphasis has been on the comparison of results from the PTE2005 challenge as described in Section 2.3 above. Therefore, the comparative analysis of Melusine's results to those from PTE2003 is incomplete at this time. Beryllium-7: The 477.6-keV peak from 7 Be is present in all five of the PTE2005 test spectra. This line did not experience interference problems, and does not suffer from summing effects. Most results from all three analyses were accurate, although there were cases for which results failed the u-test, perhaps due to overly small uncertainties being reported. Rh (t 1/2 = 29.8 seconds), which was present in the Sample 5 spectrum. Ruthenium-106 was identified and quantified in all three analyses. All three reported the activity value to be low compared to the VGSL activity. The IMS analyses were 9% and 17.5% low, while Melusine was 24% low. Melusine reported a higher uncertainty in the result, yielding a lower u1 value than the PTE2 result. The fit used by Melusine was affected by neighboring features in the spectrum, and appears to have established the continuum background too high, reducing the peak area and calculated activity (see Figure 6 below). Melusine also used an intensity of 10.2%, while several references list the 621.9-keV line of 106 Rh at 9.8%. If this represents a discrepancy between the VGSL and Melusine nuclear data libraries, it would account for ~2.8% of the difference. 126 Sb, and 5 of the detectable peaks were statistically significant (Khrustalev 2013) . However, the decay structure causes substantial summing effects, which complicates the activity calculation. Although PTE1, PTE2 and Melusine all detected the isotope, none of the results are in agreement with the VGSL injected value. All three analyses are in agreement with one another.
PTE2005
Sample 4
PTE1 in agreement with VGSL: NO PTE2 in agreement with VGSL: NO Melusine in agreement with VGSL: NO Iodine-131: Iodine-131 activity values were reported for all analyses of Sample 4. PTE1 and Melusine passed the u-test, while PTE2 did not. This is likely due to an overly optimistic uncertainty estimate for PTE2, which reported a value much closer to the VGSL activity (26% high) than did Melusine (60% high). The difference was that Melusine estimated a 45% uncertainty, while PTE2 estimated a 10.6% uncertainty. 
Conclusions
PNNL has used two data sets to validate the accuracy of results produced by the gamma spectroscopy tool Melusine. The results indicate the Melusine software can successfully conduct analyses, including accurate energy and efficiency calibrations by the measurement of standard sources, sample peak widths to provide a resolution calibration, detecting peaks in a spectrum containing unknown isotopes, properly fitting peak areas, accurately identifying isotopes, calculating activities, and properly propagating statistical errors to calculate uncertainty. These data sets included challenging cases in which the analyst needed to address interferences, summing effects, weak activities, and occasional background subtraction.
Melusine produced results that were often comparable and on occasion more accurate than other analysis tools.
For the Davis Calibration, the Melusine results are in agreement with 18 of 20 reported values (excluding the nickel foil, likely due to a material defect during production) as defined by the u-test criteria used by CTBTO's PTE exercises. This is especially significant as uncertainties for this calibration were typically less than 5%, so the u-test was functionally strict. The Melusine data set had the additional challenge of being the result of a 13-crystal CASCADES array operating simultaneously, which required excellent energy, efficiency, and resolution calibrations.
In the case of the PTE2005 exercise, the Melusine results were in agreement with VGSL injected values in 19 of the 22 cases as defined by the u-test. The two analyses conducted at CTBTO produced agreement in 15 cases and 18 cases, respectively. This suggests that the Melusine software is well suited to processing the spectroscopic data produced by radionuclide stations such as those included in the IMS.
Despite these results, the Melusine software requires further development. Among other topics, effort is needed to simplify the analysis process, improve stability, and provide user documentation. Significant analysis tasks, such as those to address summing effects, also require additional vetting. In spite of these indications of Melusine's early developmental stage, the results reported herein indicate that the calculations presently implemented and used for these analyses are sound and can be used to analyze spectra from the CTBTO's radionuclide stations reliably.
